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Introduction
-Tubulin plays a critical role in microtubule nucleation oc-
curring at least at centrosomes, chromatins, and spindle micro-
tubules. There are two differently sized -tubulin complexes 
(-TuCs): the -tubulin small complex (-TuSC) and the -tubulin 
ring complex (-TuRC; Wiese and Zheng, 2006; Lüders and 
Stearns, 2007; Raynaud-Messina and Merdes, 2007). -TuSC is   
a tetramer consisting of two -tubulin and two other -complex   
proteins (GCPs), GCP2 and GCP3. In -TuRC, several -TuSCs   
are assembled into a distinct ring-shaped structure with ad-
ditional -TuRC–specific proteins such as GCP4, GCP5, and 
GCP6 (Keating and Borisy, 2000; Moritz et al., 2000; Wiese 
and Zheng, 2000; Kollman et al., 2010). However, the molecular 
assembly of -TuRC has not been fully understood.
The  microtubule-nucleating  activities  of  -TuCs  are  well 
controlled in cells. At centrosomes, -tubulin mediates micro-
tubule nucleation and anchoring of the radial microtubule net-
work. Structural studies of the Saccharomyces cerevisiae -TuCs 
have revealed that in both -TuSC and a -TuRC–like ring struc-
ture assembled by -TuSC, -tubulins are kept in distances incom-
patible with microtubule nucleation (Kollman et al., 2008, 2010). 
These observations have implied the activation of the nucleat-
ing activity by mechanisms in addition to -TuRC assembly. 
Indeed, salt-stripped centrosomes require not only -TuRC but 
also additional cytoplasmic factors to restore their microtubule-
nucleating function (Moritz et al., 1998).
CDK5RAP2 is a human microcephaly protein that binds 
to the -TuCs and is involved in the centrosomal attachment of   
-tubulin (Bond et al., 2005; Fong et al., 2008). The -TuC–binding   
domain found in CDK5RAP2 is conserved in Drosophila mela-
nogaster  centrosomin  and  Schizosaccharomyces  pombe  Mto1p 
and Pcp1p, which are -TuC–tethering proteins in the respective 
organisms (Sawin et al., 2004; Fong et al., 2008). In this study, we 
demonstrate that this CDK5RAP2 domain associates with -TuRC 
to act as a -TuRC–mediated nucleation activator (-TuNA).
Results and discussion
We set out to isolate -TuCs bound to -TuNA (i.e., 58–90) and to   
define the composition of the complexes. To this end, the -TuNA– 
containing construct 51–100 was used for immunoprecipitation   
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12 copies of GCP2/3, which is equivalent to about six hetero-
dimers of GCP2 and GCP3, two to three copies of GCP4, and one 
copy of GCP5 (Fig. 1 D), which is consistent with estimates made 
in the proposed -TuRC structure and in previous studies (Zheng 
et al., 1995; Fava et al., 1999; Oegema et al., 1999; Keating and 
Borisy, 2000; Moritz et al., 2000; Wiese and Zheng, 2000; 
Murphy et al., 2001). In addition, our data reveal that GCP6 is 
absent in a large fraction of the isolated -TuRC (Fig. 1 D).
We subsequently explored whether -TuNA as well as the 
entire CDK5RAP2 protein can regulate the nucleating activity   
of -TuRC. To conduct microtubule-nucleating assays in vitro, 
-TuRC was isolated by coimmunoprecipitation with the -TuNA 
construct 51–100 and subsequently by gradient centrifugation. 
The purified -TuRC was devoid of the CDK5RAP2 fragment 
(Fig. 1 C). We also generated a -TuC–binding-deficient mu-
tant of -TuNA to be used as a control in the nucleating assays.   
-TuNA contains predicted haptad repeats packed into an   
-helical coiled coil. To generate such a mutant, we substituted 
Ala for Phe75, a conserved hydrophobic residue within the domain. 
This mutation abolished the binding of a -TuNA–containing 
construct, 51–100, as well as the entire CDK5RAP2 protein to 
-TuCs (Fig. 2 A and Fig. S2).
In microtubule nucleation assays, spontaneous tubulin   
nucleation was negligible under the assay conditions (Fig. 2 B). 
The inclusion of the isolated -TuRC resulted in nucleation at a 
low level (Fig. 2 B). The -TuNA construct 51–200 or its F75A 
mutant did not induce nucleation in the absence of -TuRC 
(Fig. 2 B). When -TuRC was added with 51–200, the nucleat-
ing activity was increased in a manner dependent on the con-
centration of 51–200 with a maximal enhancement of 7.1-fold 
(Fig. 2 B). Such promoting effects were not observed when the 
wild type was replaced with the F75A mutant (Fig. 2 B). There-
fore, the association with -TuNA significantly enhances the 
microtubule-nucleating activity of -TuRC.
The entire CDK5RAP2 protein and its F75A mutant were 
also tested in the nucleation assay. The CDK5RAP2 proteins   
were prepared by ectopic expression in HEK293T cells and   
subsequent  immunoprecipitation  through  their  tag  moiety.   
Before elution, most coprecipitated proteins, including -tubulin   
and GCPs, were removed by washing with a high-salt and   
detergent-containing buffer (Fig. S1 B). In the nucleation assay, 
full-length CDK5RAP2 displayed a similar effect as -TuNA 
to  stimulate  -TuRC–dependent  microtubule  nucleation  but 
not the F75A mutant (Fig. 2 C). These results indicate that the   
CDK5RAP2 protein has the capacity to stimulate the nucleating 
activity of -TuRC.
In a previous study, we conducted microtubule regrowth 
assays and terminated the assays by fixation with methanol at 
20°C or 4% paraformaldehyde at room temperature (Fong 
et al., 2008). Under these conditions, we observed microtubule 
regrowth from centrosomes but were unable to monitor cyto-
plasmic microtubule nucleation, especially at the early stages 
of regrowth, mainly because of the high background staining 
of the cytoplasm. To reduce the cytoplasmic background, we 
modified the methods and performed fixation with 4% para-
formaldehyde in the presence of 0.5% Triton X-100. Using this 
method, numerous microtubule speckles were found as early 
through its ectopic tag (i.e., Flag). After elution using the tag 
peptide, the eluate was further separated by sedimentation 
through a sucrose gradient (Fig. 1 A). Each gradient fraction 
was  analyzed  by  SDS-PAGE  and  immunoblotting.  Proteins   
visualized in the peak fraction of -tubulin were identified by 
mass spectrometry. All -tubulin and GCP2–6 appeared ex-
clusively in the -TuRC fractions (Fig. 1, B and C), reveal-
ing that -TuNA associates with -TuRC. In addition, mass 
spectrometry  revealed  the  presence  of  NME7  (also  known 
as NM23-H7 and NDPK7, a putative member of the NM23   
family of nucleoside diphosphate kinases), FAM128A/B, and 
/-actin from the -TuRC fraction (Fig. 1 B). A recent study 
also identified NME7 and FAM128A/B as components of -TuRC 
(Hutchins et al., 2010). The coisolation of actin is consistent 
with an observation of the Drosophila -TuRC (Oegema et al., 
1999). Therefore, we obtained highly purified -TuRC from 
such an isolation procedure. It should be noted that during the 
isolation, the 51–100 protein was dissociated from -TuRC 
by the inclusion of the Flag peptide for elution and was then   
resolved into gradient fractions different from those of -TuRC 
(Fig. 1 C and Fig. S1 A).
To determine the composition stoichiometry of the isolated 
-TuRC, we measured the intensity of fluorescent dye–stained 
proteins from the -TuRC peak fraction. After background sub-
traction, the stoichiometry was calculated as values relative to 
that of GCP5. Each -TuRC contains 14 copies of -tubulin, 
Figure 1.  Isolation of -TuCs bound to -TuNA. (A) Schematic outline of 
the isolation procedure. (B) After gradient centrifugation, an aliquot of 
each fraction was resolved by SDS-PAGE followed by silver staining. Pro-
teins resolved from the peak fraction of -TuRC (Fr. 10) were identified by 
mass spectrometry. The contaminant protein above GCP6 also appeared 
in the precipitates of blank beads. (C) The gradient fractions were ana-
lyzed by immunoblotting. (D) In a replicate gel stained with Sypro ruby, the 
relative amounts of -tubulin and GCPs were determined from the isolated 
-TuRC (Fr. 10) to derive the stoichiometry. The ratios of proteins to GCP5 
are presented as mean ± SD from three independent experiments.1091 -TuRC activation by CDK5RAP2 • Choi et al.
cytoplasmic nucleation with the modified fixation method. 
The depletion of CDK5RAP2 does not affect -TuRC assem-
bly (Fong et al., 2008). In the assays, microtubules were ob-
served to nucleate at dispersed sites in the cytoplasm in addition   
to the centrosomes (Figs. 3 and 4). In control cells, acentro-
somal nucleation was most evident at 1.5 min of regrowth. The 
quantification of acentrosomal microtubules revealed that the 
disruption  of  CDK5RAP2  expression  significantly  reduced   
cytoplasmic nucleation (Fig. 4). These results combined with 
our previous study (Fong et al., 2008) indicate that CDK5RAP2 
is required for efficient nucleation of microtubules both on centro-
somes and in the cytoplasm.
In Drosophila, Dgrip75 (a GCP4 orthologue) is required 
for the formation of -TuRC from -TuSCs (Vérollet et al., 
2006). We attempted to disassemble -TuRC without affecting 
-TuSC by knocking down GCP4. The transfection of a gcp4-
targeting siRNA effectively suppressed GCP4 expression with-
out affecting the levels of -tubulin and other GCPs (Fig. 5 A). 
The expression suppression shifted most -tubulin and GCP5 
as tested on the immunoblots to low molecular mass species   
(Fig.  5  B),  indicating  the  disassembly  of  -TuRC. We  then 
probed the binding of -TuRC proteins to -TuNA. In a pull-
down assay, 51–200 did not bind to -tubulin and GCP2/3/5/6 in 
the extract depleted of GCP4, whereas the binding of -tubulin   
and GCPs was readily detected in the control extract (Fig. 5 C).   
Concomitantly,  silencing  GCP4  expression  inhibited  micro-
tubule  nucleation  induced  by  51–100  in  the  regrowth  assay 
(Fig. 5 D). Therefore, -TuNA promotes microtubule growth 
via association with -TuRC. Using in vitro binding assays, 
as 30 s of regrowth in the cytoplasm expressing 51–100, but 
such speckles did not appear in untransfected cells or those 
transfected  with  the  F75A  mutant  (Fig.  3, A  and  B).  Short 
microtubule segments were formed at 1 min in cells transfected 
with wild-type 51–100 (Fig. 3, A and B). When the regrowth 
proceeded, wild-type–transfected cells were quickly saturated 
with microtubules, whereas untransfected and 51–100 (F75A)- 
transfected cells contained scarce cytoplasmic microtubules be-
side a prominent centrosomal aster of microtubules (1.5 min; 
Fig. 3, A and B). After regrowth for ≥5 min, cells transfected 
with the wild type displayed a similar microtubule density in 
comparison with others except that microtubules were disorga-
nized and without focus (Fig. 3, A and B).
Microtubule  regrowth  induced  by  -TuNA  was  tested 
when the expression of -tubulin or endogenous CDK5RAP2 
was suppressed. The transfection of a -tubulin–targeting siRNA 
effectively reduced -tubulin level (by 85%) and almost com-
pletely inhibited microtubule formation even in the presence 
of 51–100 (Fig. 3 C). Next, the RNAi-mediated depletion of 
CDK5RAP2 had no impact on 51–100-induced regrowth of 
microtubules (Fig. 3 D). Thus, -TuNA induces microtubule 
growth in a manner dependent on -tubulin but independent on 
endogenous CDK5RAP2. Similarly, the transient expression of 
the  entire  CDK5RAP2  protein  induced  -tubulin–dependent 
growth of cytoplasmic microtubules, but the expression of its 
F75A mutant did not (Fig. S3, A and B).
In our previous assays, the depletion of CDK5RAP2 was 
found to inhibit microtubule nucleation at centrosomes (Fong 
et al., 2008). In the following assays, we assessed its role in 
Figure  2.  Stimulation  of  -TuRC  for  micro-
tubule nucleation. (A) After immunoprecipitation 
of ectopically expressed proteins through the 
tag moiety (i.e., Flag), the immunoprecipitates 
and cell lysates were examined for -tubulin 
and  GCP5.  WT,  51–100  wild  type;  F75A, 
51–100 (F75A). (B and C) Microtubule poly-
merization was performed with or without the   
isolated -TuRC and 51–200 (B) or the entire   
CDK5RAP2 protein (C). Representative micro-
scopic fields of polymerized microtubules are 
shown. Microtubules were counted from 20 
random fields to derive the mean numbers of 
microtubules. Data are shown as mean ± SD of 
three independent experiments. Bar, 10 µm.JCB • VOLUME 191 • NUMBER 6 • 2010   1092
required for efficient microtubule nucleation by -TuRC, as the 
suppression of CDK5RAP2 expression causes remarkable de-
fects of both centrosomal and acentrosomal microtubule nucle-
ation. A mouse mutant with the deletion of the -TuNA region 
(exon 4) from CDK5RAP2 develops microcephaly and several 
other defects, providing additional evidence on the functional re-
quirement of this domain (Lizarraga et al., 2010). In fission yeast, 
Mto1p, a CDK5RAP2-related protein, is indispensable for cyto-
plasmic microtubule nucleation (Sawin et al., 2004; Venkatram 
et al., 2004; Zimmerman and Chang, 2005). Furthermore, the 
we did not detect the direct binding of -TuNA to GCP4 or 
the newly identified -TuRC proteins NME7, FAM128A/B, and   
actin. These data revealed that -TuNA associates with -tubulin 
and GCPs only in the assembled -TuRC.
As the principal nucleator of microtubules, -TuRC plays   
a pivotal role in microtubule organization. However, the molecular 
mechanisms responsible for the regulation of its microtubule-
nucleating activity remain unknown. For the first time, we show 
that -TuNA identified from CDK5RAP2 is a stimulating factor 
of -TuRC–mediated microtubule nucleation. CDK5RAP2 is 
Figure 3.  Microtubule nucleation induced by 
-TuNA in transfected cells. (A and B) Micro-
tubule  regrowth  was  performed  on  U2OS   
cells expressing 51–100 or its F75A mutant.   
(bottom) Enlarged views of the boxed areas   
are shown. The microtubule intensities of re-
growth for 1 min were quantified from cells   
expressing the proteins at similar levels and were   
expressed relative to untransfected cells (B).   
At least 20 cells were measured in each of 
three  independent  experiments.  (B)  Error 
bars  indicate  mean  ±  SD.  (C)  Microtubule 
regrowth (1 min) was performed after -tubulin   
was depleted by RNAi. (left) The expressions 
of  -tubulin  and  actin  were  examined  by   
immunoblotting. (right) Cells transfected with 
51–100 were subjected to the regrowth assay. 
The depletion of -tubulin reduced microtubule 
regrowth to 9.20 ± 2.89% of control cells (n = 60   
cells  for  each  quantification).  (D)  51–100   
(GFP  tagged)  was  expressed  in  the  back-
ground  of  endogenous  CDK5RAP2  depleted 
by RNAi or in the control. (left) Cell extracts 
were  immunoblotted  for  GFP-51–100  (anti-
GFP), endogenous CDK5RAP2, and -tubulin. 
(right) The cells were stained for microtubules 
(anti–-tubulin)  and  endogenous  CDK5RAP2 
after microtubule regrowth for 1 min. Arrows 
denote centrosomes. (right) Enlarged views of 
the boxed areas are shown. Bars, 10 µm.1093 -TuRC activation by CDK5RAP2 • Choi et al.
was purified using immobilized GCP5 (121–150). The specificity of the puri-
fied antibodies was tested by immunoblotting cell extracts with or without 
expression  silencing  of  respective  proteins  (Fig.  S1  C).  Alternatively,  the 
specificity was tested by preblocking antibodies with respective antigens 
for immunoblotting (Fig. S1 D). The generation of an anti-GCP3 antibody 
was previously described (Fong et al., 2008). The following antibodies were 
purchased: rabbit anti-GFP (Santa Cruz Biotechnology, Inc.), anti-Flag (mono-
clonal M2 and rabbit polyclonal; Sigma-Aldrich), goat anti–pericentrin 2   
(C-16; Santa Cruz Biotechnology, Inc.), anti–-tubulin (B-5-1-2; Sigma-Aldrich),   
anti–-tubulin (TUB2.1; Sigma-Aldrich), anti–-tubulin (GTU88 and rabbit 
polyclonal;  Sigma-Aldrich),  and  anti–-actin  (AC-15;  Sigma-Aldrich). 
mutations disrupting the function of its CM1 region, a sequence 
corresponding to -TuNA, lead to the inhibition of cytoplas-
mic nucleation (Samejima et al., 2008), implying that CM1 
may have a similar function as -TuNA. Therefore, the -TuNA 
identified in this study from CDK5RAP2 may represent an evo-
lutionarily conserved regulation of the microtubule-nucleating 
function of -TuCs.
We have found that the assembly of -tubulin and GCPs 
as -TuRC is a prerequisite for their association with -TuNA. 
The -TuNA–associated -TuRC was found to contain NME7, 
FAM128A/B, and actin in addition to -tubulin and GCP2–6. 
Moreover, the molecular assembly of -TuRC is more precisely 
defined with the stoichiometries determined for -tubulin and 
GCPs within the complex. These nine proteins may serve as the 
major constituents of -TuRC that is activated by CDK5RAP2 
for microtubule nucleation (Fig. 5 E), as we did not detect any 
other protein from the purified complex. In particular, GCP-
WD/NEDD1, a protein involved in the centrosomal attachment 
of -TuRC (Haren et al., 2006; Lüders et al., 2006), was not 
found in the -TuNA–bound complex. Within -TuRC, GCP4 
and perhaps other -TuRC–specific proteins participate in tether-
ing -TuSCs into the large ring structure (Vérollet et al., 2006; 
this study).
The structural analyses of the budding yeast -TuSC and 
a -TuRC–like ring structure assembled by -TuSC have pro-
vided insights into the control of microtubule nucleation by   
-TuCs. Within -TuSC, the two Tub4p molecules are sepa-
rated in distances that are incompatible with that of adjacent 
protofilaments in the microtubule lattice (Kollman et al., 2008). 
Notably, such an incompatible spacing of Tub4p is not changed 
by -TuSC assembly into the -TuRC–like structure (Kollman 
et al., 2010). In mammalian cells, -TuSC assembles with   
-TuRC–specific proteins into the -TuRC that has the capacity 
of binding to -TuNA (Fig. 5 E). The binding of -TuNA plau-
sibly induces a conformational change to bring the -tubulins 
into a position competent for nucleation, resulting in -TuRC 
activation. Future studies are awaited to analyze the activation 
mechanism used by -TuNA.
Materials and methods
Reagents
The CDK5RAP2 plasmids, antibodies, and siRNAs were used as reported 
previously (Fong et al., 2008, 2009). The following proteins were pre-
pared in fusion with a His6 tag by bacterial expressions for assays or 
for immunizing rabbits: CDK5RAP2 (51--200), GCP2 (734–902), GCP4 
(202–371), GCP5 (1–180), and GCP6 (805–1060). The antibodies gen-
erated against GCP2, GCP4, and GCP6 were purified using respective   
antigens prepared in fusion with GST and without His6. The GCP5 antibody 
Figure 4.  Cytoplasmic microtubule nucleation 
is  impaired  by  the  depletion  of  CDK5RAP2. 
(left)  Microtubules  regrew  for  1.5  min  after 
depolymerization  in  MRC-5  cells.  Asterisks 
mark  acentrosomal  microtubules.  Enlarged 
views  of  the  boxed  areas  are  shown.  Bar,   
10 µm. (right) The bar graph shows the num-
ber  of  acentrosomal  microtubules.  Data  are 
shown  as  mean  ±  SD  of  three  independent 
experiments; at least 20 cells were analyzed 
in each experiment.
Figure  5.  Depletion  of  GCP4  disrupts  the  association  of  -TuNA  with 
-TuRC.  (A)  siRNA-transfected  HEK293T  extracts  were  immunoblotted 
for -tubulin and GCPs. (B) Cell extracts were subjected to sucrose gra-
dient centrifugation. An aliquot of each gradient fraction was analyzed 
by immunoblotting. (C) His-Flag–CDK5RAP2 (51–200) was used in the 
pull down of -TuCs from siRNA-transfected extracts. The anti-Flag precipi-
tates were analyzed by immunoblotting. Note that the protein band below 
GCP4 is a heat shock protein bound nonspecifically to anti-Flag beads. 
(D) Microtubule regrowth was performed on U2OS cells with the regrowth 
time of 1 min. GCP4 depletion reduced microtubule regrowth to 14.02 ± 
3.84% of control cells (n = 60 cells for each quantification). Bar, 10 µm. 
(E) Model for the activation of -TuRC–mediated microtubule nucleation by 
-TuNA. After -TuRC assembly, -TuNA binds to the complex to stimulate 
its nucleation of microtubules.JCB • VOLUME 191 • NUMBER 6 • 2010   1094
terminated by the addition of 50 µl prewarmed 1% glutaraldehyde/BRB80 
and further incubation at room temperature for 3 min. The samples were then 
diluted in 1 ml ice-cold BRB80. An aliquot of the samples was centrifuged at 
173,000 g (8 min at 4°C) in tubes (TLS55; Beckman Coulter) equipped with 
a Teflon platform to sediment microtubules through a 15% glycerol/BRB80 
cushion onto cover glasses. For each sample, microtubule numbers were 
taken from 20 random fields under a fluorescence microscope.
Online supplemental material
Fig. S1 shows the characterization of CDK5RAP2 proteins and reagents. 
Fig.  S2  shows  that  the  mutation  of  Phe75  abolishes  the  association   
of CDK5RAP2 with -TuCs. Fig. S3 shows that the overexpression of   
CDK5RAP2 induces -tubulin–dependent nucleation of microtubules. Online 
supplemental  material  is  available  at  http://www.jcb.org/cgi/content/ 
full/jcb.201007030/DC1.
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